Abstract: This study proposes a normal-incidence sound absorption coefficient measurement technique in the high-frequency range in which obliquely propagating waves can exist in an impedance tube. To extract the normal-propagating wave factor through a cross section of a cylindrical tube, four microphones are located with one in each quarter of the circumference and their signals are summed. The normal-incidence absorption coefficient is calculated from the frequency response function between the normal-propagating factors of two cross sections, which are placed at a prescribed distance. Using the proposed method, measurement can be performed at about twice the frequency of the conventional method. To verify the validity of the proposed method, numerical simulations by the finite element method (FEM) in cases when there is a slight inclination of the specimen surface, which causes scattering, were conducted. The simulation results prove that the proposed method can cancel the effect of the ð1; 0Þ and ð2; 0Þ modes and enable the normal-incidence absorption coefficient to be measured in the frequency region in which these modes can propagate. Finally, experimental results show the validity and the feasibility of the proposed method.
INTRODUCTION
The two-microphone transfer-function method in which an acoustic impedance tube is utilized [1] is commonly used to measure the normal-incidence sound absorption coefficient of materials. The frequency measurable by the method is limited by the diameter of the tube because the measurement must satisfy the condition that only a normalpropagating wave exists in the tube. Above the cut-on frequency of higher-order modes, the measured normalincidence sound absorption coefficient is strongly affected by slight scattering on the specimen surface or the asymmetry of the impedance tube. Hence, to measure a high-frequency normal-incidence absorption coefficient, it is necessary to use a small-diameter tube as it requires only a small sample. However, when a small sample is used, the nonuniformity of the sample material and the constraint of the sample at the tube wall can affect the measured result. Therefore, we propose a method of measuring the normalincidence sound absorption coefficient at frequencies beyond the cut-on frequency of higher-order modes using four or eight microphones, which are placed at symmetrical points on the tube cross sections.
Å bom proposed the modal decomposition method, by which sound waves in a duct are identified using multiple microphones [2] . Schultz et al. developed a method of measuring the reflection coefficient matrix for multiple acoustic modes in a rectangular duct using eight microphones [3] . However, these methods are complicated, even when measuring just the normal-incidence absorption coefficient, because they require multiple measurements for multiple sound sources and inverse matrix calculation.
In our proposed method, the factors of the ð1; 0Þ and ð2; 0Þ modes are canceled and only the factor of the ð0; 0Þ mode, which corresponds to the normal-propagating wave, is extracted by utilizing the symmetry of these modes in the frequency region in which the waves of the ð0; 0Þ, ð1; 0Þ, and ð2; 0Þ modes can propagate. Tanaka and Kobayashi reported a method that extracts a specific cluster of acoustic modes in a rectangular cavity by utilizing the symmetry of the sound field to suppress the sound pressure with active control [4] . Using their method, each cluster of the acoustic modes, i.e., odd/odd-, odd/even-, even/odd-, even/evenorder modes can be independently sensed only by summing or subtracting the signals from microphones placed at symmetrical points in the cavity. In this study, by limiting the frequency range in which few low-order acoustic modes dominate, only the factor of normal-propagating waves is sensed by similarly utilizing the symmetry of the sound field.
The normal-incidence absorption coefficient is calculated from the frequency response function between the normal-propagating factors of two cross sections in the proposed method. The operating procedure for measuring the absorption is the same as that in the conventional twomicrophone transfer-function method. Hence, the proposed method is as practical as the two-microphone transferfunction method.
The proposed method was previously reported as an Acoustical Letter [5] . This paper explains the proposed measurement theory more precisely and verifies the validity with numerical simulations. By performing finite element method (FEM) simulations, the effects of the scattering on the specimen surface on the measured normal-incidence absorption coefficient are investigated. Moreover, to confirm the effectiveness and the feasibility of the proposed method, the experimental results for various sound-absorbing materials are shown, where absorption coefficients measured using the conventional method and the proposed method are compared.
THEORY

Eight-Microphone Method
In this study, a cylindrical tube with radius R (Fig. 1 ) is considered. The sound pressure in the tube is expressed as pðr T ; ; z; tÞ 
where r T denotes the distance from the center of the circular cross section and is the angle from the x-axis. J m is the Bessel function of the first kind. m and n denote the acoustic modal order in the circumferential direction and in the radial direction, respectively. C mn is a normalization factor, and A mn , B mn , A mn , and B mn are the amplitudes of waves. k zðm;nÞ is the wave number of the ðm; nÞ mode in the z-direction, given as follows: Figure 2 shows each acoustic mode and the corresponding value of m;n . In the figure, broken lines indicate the nodal lines of the modes. The ð0; 0Þ mode is equivalent to a plane sound wave propagating in the direction normal to the cross section, and the other higher-order modes are equivalent to obliquely propagating waves. The obliquely propagating waves for which k 0 < k rðm;nÞ cannot propagate in the tube because the wave number becomes purely imaginary and the wave becomes evanescent. Therefore, the minimum frequency at which the ðm; nÞ mode can propagate is
which is the so-called cut-on frequency of the mode. In the two-microphone transfer-function method, measurement is conducted under conditions where only the ð0; 0Þ mode can propagate in the tube. Thus, the measurable frequency in the conventional method is below f c1;0 . As the frequency Acoust. Sci. & Tech. 39, 5 (2018) increases beyond f c1;0 , each high-order mode starts to propagate at its cut-on frequency. When these higher-order modes exist in the tube, the normal-incidence absorption coefficient cannot be measured by the two-microphone transfer-function method because of the complexity of the sound field. In the proposed method, four measurement points, indicated as r 1 , r 2 , r 3 , and r 4 in Fig. 1 , are considered. These points are located on the inner surface of the tube at every quarter of the perimeter. They are r 1 ¼ ðR; 0; z A Þ, r 2 ¼ ðR; =2; z A Þ, r 3 ¼ ðR; ; z A Þ, and r 4 ¼ ðR; 3=2; z A Þ in cylindrical coordinates (r ¼ ðr T ; ; zÞ), where z A is the distance of cross section A from the specimen surface. The proposed method considers the frequency range below f c0;1 in which the waves of the ð0; 0Þ, ð1; 0Þ, and ð2; 0Þ modes can propagate. In this frequency range, the pressures at these measurement points are expressed as follows:
where q (q ¼ 1, 2, 3, and 4) denotes the measurement point number and q is the position angle of each point. Now, the sum of the pressure signals at these measurement points is considered. This can be derived from Eq. (5) as follows:
This equation implies that summing the signals causes a filtering effect that cancels the signals due to the ð1; 0Þ and ð2; 0Þ modes and yields the normal-propagating factor. In other words, the influence of the higher-order modes can be canceled utilizing the symmetric structure of the sound field in the impedance tube. As Fig. 2 shows, the sound pressures at two opposing points, such as r 1 and r 3 , have the same amplitude and are antiphase for the ð1; 0Þ mode, although the node of the mode is not deterministic. Moreover, the pressures at two neighboring points, such as r 1 and r 2 , also have the same amplitude and are antiphase for the ð2; 0Þ mode. This is the reason why summing the signals can cancel the effect of the higherorder modes.
The sums of the measurement signals at the four points are obtained for two cross sections, A and B in Fig. 1 , which are placed at a prescribed distance s, and the normalpropagating factor on each cross section is extracted. Then, the frequency response function for the normal-propagating factors between the two cross sections can be calculated as H AB ¼ P sB =P sA , where P sA and P sB are the frequency specta of the sum of the measurement signals at cross sections A and B, respectively. Then, the normal-incidence sound absorption coefficient can be obtained using
Here, r denotes the sound pressure reflection coefficient at normal incidence:
Equation (8) is identical to the equation utilized in the two-microphone transfer-function method [1] . This means that the measurement procedure of the proposed method is the same as that in the conventional two-microphone method. Using this eight-microphone method, measurement can be performed in a wider frequency range than that in the conventional two-microphone method with the same measurement procedure.
Four-Microphone Method
When the target frequency is considered to be below f c2;0 for which the waves of the ð0; 0Þ and ð1; 0Þ modes can propagate, four microphones are enough to measure the normal-incidence absorption coefficient. In this frequency range, the sound pressures at r 1 and r 3 , which are points on opposite sides of the tube, are expressed as follows: 
where q ¼ 1 and 3. The sum of the pressure signals at points r 1 and r 3 is expressed as follows:
Equation (10) implies that summing the signals of the two microphones placed on opposite sides of the tube cancels the signals due to the ð1; 0Þ mode and yields the normal propagating factor in the same way as in the eightmicrophone method. Hence, only four microphones are necessary to measure the normal-incidence absorption coefficient in this case.
NUMERICAL SIMULATION
FE Model
In order to verify the theory of the proposed method, numerical simulations were conducted. Figures 3 and 4 show the calculation conditions and the finite element (FE) model, respectively.
If the measurement system and the test specimen ideally have perfect symmetry relative to the center of the tube, the normal-incidence sound absorption coefficient can be measured below the cut-on frequency of the ð0; 1Þ mode because the ð1; 0Þ and ð2; 0Þ modes cannot be excited under this condition. In practice, however, there will be a slight inclination of specimen surfaces, nonuniformity of the sample material, and some asymmetry of the measurement apparatus, such as the mounting position of a loudspeaker. These small imperfections should generate the ð1; 0Þ and ð2; 0Þ modes to some extent in the target frequency region.
In this section, cases in which there is a slight inclination of the specimen surface are considered. The calculation model is based on experimental conditions stated later. The FEM is used with LMS Virtual.Lab Acoustics in the calculation. The diameter and length of the tube are 100 and 300 mm, respectively. A sound-absorbing material is placed at the source end of the tube to absorb sound waves reflected from the specimen. A point source is placed at a distance of 10 mm from the end. Field points, which correspond to the microphones, are set on the inner surface of the tube at every quarter of the perimeter of two cross sections. The distances of these cross sections from the specimen surface are 100 and 125 mm. The normalincidence absorption coefficient is calculated from the sound pressures at these field points using Eqs. (6) to (8). These points are indicated as P1, P2, . . . , and P8 in Fig. 3 . The target test specimen is 25-mm-thick melamine foam, modeled as a porous material. The modeling of the melamine foam is based on the Johnson-Champoux-Allard model [6] under the assumption that the frame of the material is rigid. In addition, cases when the specimen is a rigid plate are also considered as extreme cases in which scattering inevitably occurs.
Considering the tube diameter, the cut-on frequencies under these calculation conditions are 2,029, 3,364, and 4,213 Hz for the ð1; 0Þ, ð2; 0Þ, and ð0; 1Þ modes, respectively (in the case of c ¼ 346:5 m/s). The inclination angle of the specimen surface to the cross section is s . The simulations were conducted in the cases of s ¼ 2, 5, and 10 . Figure 5 shows the calculation results for the normalincidence absorption coefficient of 25-mm-thick melamine foam. Figures 5(a)-5(c) show the cases when the inclination angle is 2, 5, and 10 , respectively. The blue broken line indicates the result calculated from the sound pressures at P2 and P6 by the two-microphone method. The blue dotdashed line indicates the result calculated from the sound pressures at P4 and P8 by the two-microphone method. The red solid line is the result in the case of using the proposed eight-microphone method. As a reference, the calculated result in the case when there is no inclination is also shown in the figures (gray solid line). This result was calculated from the sound pressures at P1 and P5.
Calculation Results
As mentioned before, in the case that the sound field has perfect symmetry, the normal-incidence absorption coefficient can be measured below f c0;1 . On the other hand, even in the case that slight inclination of the surface exists, the absorption coefficients calculated by the two-microphone method are shifted above f c1;0 . In contrast, using the proposed eight-microphone method, the calculation results are almost identical to those in the case of no inclination, even for an inclination of 10 . The calculated normal-incidence absorption coefficients of the rigid plate in the cases, where s ¼ 2, 5, and 10 are shown in Fig. 6 . Note that the range of the vertical axis is from À0:2 to 1.0 unlike in the other figures. The rigid plate totally reflects the incident sound wave. Therefore, the sound absorption coefficient of the rigid plate must be zero. In the case using the two-microphone method, the calculated absorption coefficients are markedly shifted and have meaningless values above f c1;0 because of the influence of the higher-order acoustic modes. Using the proposed method, when the inclination angle is 2 , the absorption coefficient is almost identical to that when there is no inclination, and the value of the normal-incidence absorption coefficient is within AE0:1 under about 4 kHz. This result implies that if the scattering on the surface of a specimen is small, the proposed method can be used to measure the normal-incidence sound absorption coefficient in the frequency range in which the ð1; 0Þ and ð2; 0Þ modes can propagate. On the other hand, in the cases where the inclination angle is 5 and 10 , the absorption coefficient has a non-negligible value even when using the proposed method. In these cases, the normal-incident sound wave is reflected obliquely and the normal-reflected wave decreas- es in amplitude. Because the proposed method cannot sense obliquely propagating waves, the apparent absorption coefficient is obtained.
Note that the calculated normal-incidence absorption coefficient drops at around 4 kHz in the case when there is no inclination. This may be caused by the ð0; 1Þ mode, which can be excited even when the specimen and the experimental apparatus have perfect symmetry and whose signal cannot be canceled even when using the proposed method.
These simulation results show that the proposed method can implement normal-incidence sound absorption coefficient measurement above the cut-on frequency of the ð1; 0Þ and ð2; 0Þ modes when the scattering on the specimen is sufficiently small, whereas a small asymmetry of the sound field in the tube can cause a large error in measurement results when using the conventional twomicrophone transfer-function method. Moreover, when the specimen has some absorption, the influence of the scattering on the surface is smaller than that in the case of a rigid plate. Hence, a larger inclination can be tolerated in practical measurements.
EXPERIMENT
Experimental Setup
In order to verify the validity of the proposed method, experiments were conducted for various sound-absorbing materials. Figure 7 shows a schematic view of the experimental setup. The acoustic impedance tube is made of acrylic and the inner diameter D is 100 mm. The upper frequency limit, which is determined by the microphone distance (s ¼ 25 mm), is 6,237 Hz (in the case of c ¼ 346:5 m/s). Eight 1/4-inch microphones were used and were positioned in accordance with the theory. White noise was used as the noise source.
In this study, the sum of the microphone signals was obtained in the frequency domain, as explained below, in order to correct for the amplitude and phase mismatches among the microphones.
Here, the signals from Mics. 1 to 8 are denoted i 1 ðtÞ, i 2 ðtÞ, Á Á Á , and i 8 ðtÞ, respectively. Then, the sum of the signals from Mics. 1, 2, 3, and 4 can be expressed as
Hence, the Fourier transform of the summed signals can be expressed as
where I q ð f Þ denotes the Fourier transform of i q . In the same way, for Mics. 5, 6, 7, and 8, the following equations are obtained:
In this case, the cross-spectrum between i A ðtÞ and i B ðtÞ can be derived as follows:
where G pq denotes the cross-spectrum between the signals of microphones p and q. The auto-spectrum of i A ðtÞ is derived as
When p ¼ q, G pq denotes the auto-spectrum of the signal. Each auto-spectrum and cross-spectrum must be corrected by the calibration factor for the amplitude and phase mismatches among the microphones, which must be measured before the absorption coefficient. The calibration factor can be obtained by interchanging two microphones in the same way as in the conventional two-microphone transfer-function method.
Therefore, the transfer function between i A ðtÞ and i B ðtÞ can be derived as
Then, to calculate the normal-incidence sound absorption coefficient, H AB is substituted into Eq. (8) and then Eq. (7) is used. 
Measured Results
The measured normal-incidence sound absorption coefficients of 20-mm-thick recycled nonwoven, 25-mmthick melamine foam, 50-mm-thick glass wool, and 12-mm-thick polyester nonwoven are respectively shown from All figures show that the dependence of the absorption coefficient on the frequency is reasonably smooth below about 3.3 kHz when using four microphones and below about 4 kHz when using eight microphones, whereas the absorption coefficient curve fluctuates above f c1;0 in the case of using only two microphones. In the frequency range in which a smooth curve for the absorption coefficient is obtained by the proposed method, the absorption coefficient almost matches the value measured using the smalldiameter tube. These results show that the proposed method is valid and feasible for high-frequency measurement of the normal-incidence absorption coefficient.
On the other hand, in the figures, a slight difference between the result obtained using the proposed method and that obtained using the small-diameter tube is observed above f c1;0 . The measured sound absorption coefficient can be affected by factors such as the constraint of a specimen at the tube wall and the specimen size, especially when the vibration of the material frame affects the absorption property. This might cause a difference in the measured absorption coefficients of the samples of different sizes.
In addition, in Fig. 11 , a slight disturbance is observed in the vicinity of the cut-on frequencies of the higher-order modes. This might be caused by the scattering due to the asymmetry of the measurement apparatus. When a test specimen has sufficiently low flow resistance, which causes low absorbance, a measured value may be comparatively susceptible to the effect. However, this effect can be prevented by improving the symmetry of the measurement apparatus. Figure 12 shows the effect of the correction for the microphone mismatches in the case of the measurement of the 25-mm-thick melamine foam. The effects of the calibration are typically observed below f c1;0 . In particular below about 200 Hz, the measured absorption coefficient greatly increases without the calibration. These tendencies are similarly observed in the measurement results for the other materials. It is considered that the calibration of the mismatches among the microphones is useful for obtaining accurate measurement results in a wide frequency range.
CONCLUSIONS
A high-frequency measurement technique using four or eight microphones has been proposed. To verify the theory of the proposed method, numerical analyses by the FEM were conducted. The simulation results show that the proposed method can implement normal-incidence sound absorption coefficient measurement above the cut-on frequency of the ð1; 0Þ and ð2; 0Þ modes when the scattering is small. Experiments were performed to confirm the validity and the feasibility of the proposed method since the measured results were in good agreement with the values measured by the conventional method using a smalldiameter tube. Using the proposed method, the normalincidence sound absorption coefficient can be measured at about twice the frequency of the conventional two-microphone transfer-function method.
The inclination of the specimen surface or the nonuniformity of the specimen material might cause scattering. If the amount of scattering is large, it can affect the result, even when using the proposed method, because the normally incident wave is converted to obliquely reflected waves and the amount of normal-reflected waves decreases. However, when the inclination angle of a specimen surface is small enough for the amount of the normal-reflected wave not to vary, the normal-incidence absorption coefficient can be measured using the proposed method, although the scattering disturbs the sound fields in the tube. In addition, when the specimen has larger absorption, the measurement can be performed even in the case that the inclination angle is somewhat larger. Moreover, if the spatial distribution of nonuniformity is sufficiently small compared with the wavelength, the material might be considered to be homogeneous relative to the wave, so that little scattering occurs. Hence, for the most commonly used porous sound-absorbing materials, the assumption that scattering on the specimen surface is small might be valid. 
